Crystal Structure of Argonaute and Its Implications for RISC Slicer Activity
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Argonaute proteins and small interfering RNAs (siRNAs) are the known signature components of the RNA interference effector complex RNA-induced silencing complex (RISC). However, the identity of "Slicer," the enzyme that cleaves the messenger RNA (mRNA) as directed by the siRNA, has not been resolved. Here, we report the crystal structure of the Argonaute protein from Pyrococcus furiosus at 2.25 angstrom resolution. The structure reveals a crescent-shaped base made up of the amino-terminal, middle, and PIWI domains. The Piwi Argonaute Zwille (PAZ) domain is held above the base by a "stalk"-like region. The PIWI domain (named for the protein piwi) is similar to ribonuclease H, with a conserved active site aspartateaspartate-glutamate motif, strongly implicating Argonaute as "Slicer." The architecture of the molecule and the placement of the PAZ and PIWI domains define a groove for substrate binding and suggest a mechanism for siRNA-guided mRNA cleavage.
RNA interference (RNAi) is triggered by the presence of double-stranded RNA (dsRNA) (1) . A ribonuclease (RNase) III family enzyme, Dicer, initiates silencing by releasing ϳ20 base duplexes, with two-nucleotide 3Ј overhangs called siRNAs (2, 3) . The RNAi pathway also mediates the function of endogenous, noncoding regulatory RNAs called microRNAs (miRNAs) [reviewed in (4) ]. Both miRNAs and siRNAs guide substrate selection by similar if not identical effector complexes called RISC (4) . These contain single-stranded versions of the small RNA and additional protein components (5-7). Of those, the signature element, which virtually defines a RISC, is a member of the Argonaute family of proteins (8) . Argonaute proteins are defined by the presence of PAZ and PIWI domains (9) . Recent structural and biochemical analyses of the PAZ domain have begun to reveal Argonaute as the protein that interacts directly with the small RNA in RISC (10) (11) (12) (13) (14) . The PAZ domain forms a deviant oligonucleotide/ oligosaccharide-binding (OB) fold containing a central cleft lined with conserved aromatic residues that bind specifically to singlestranded 3Ј ends (10, 12) . This was confirmed by subsequent structural studies of PAZ complexed with nucleic acids (13, 14 ) . On the basis of these studies, we first proposed a model in which the PAZ domain interacts with the 3Ј ends of siRNAs in the two proteins containing this domain, Dicer and Argonaute (10) . In RISC, the Argonaute PAZ domain would hold the 3Ј end of the singlestranded siRNA, perhaps orienting recognition and cleavage of mRNA substrates. However, the nuclease responsible for cleavage, dubbed "Slicer," has so far escaped identification.
In an effort to deepen our understanding of the role of Argonaute proteins in RNAi, we have conducted structural studies of a fulllength Argonaute protein from P. furiosus.
Overall architecture. The structure of the full-length Argonaute from the archaebacterium P. furiosus (PfAgo) was determined by x-ray crystallography to 2.25 Å resolution (table S1). The N-terminal, middle, and PIWI domains form a crescent-shaped base, with the PIWI domain at the center of the crescent. The region following the N-terminal domain forms a "stalk" that holds the PAZ domain above the crescent and an interdomain connector cradles the four domains of the molecule (Fig. 1) . This architecture forms a groove at the center of the crescent and the PAZ domain closes off the top of this groove.
The N-terminal domain consists of a long strand at the bottom of the crescent, followed by a region of a small four-stranded ␤ sheet, three ␣ helices, and a ␤ hairpin, which then extends to the three-stranded antiparallel ␤ sheet stalk. The PAZ domain (residues 152 to 275) is a globular domain that adopts an OB-like ␤ barrel fold with an attachment of two ␣ helices on one side of the barrel and a cleft in between. This cleft is angled toward the crescent. The middle domain (residues 362 to 544) is an ␣/␤ open sheet domain composed of a central three-stranded parallel ␤ sheet surrounded by ␣ helices. This domain is similar to the glucosegalactose-arabinose-ribose-binding protein family and is most similar to Lac repressor (15) . The middle domain also has a small three-stranded ␤ sheet on the outer surface of the crescent, connecting it to the rest of the molecule.
The PIWI domain, which is at the C terminus of Argonaute (residues 545 to 770), is the most surprising portion of the structure, as we describe below. It sits in the middle of the 
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crescent and below the PAZ domain. The crystal structure reveals the presence of a prominent central five-stranded ␤ sheet flanked on both sides by ␣ helices. A smaller ␤ sheet extends from the central ␤ sheet and attaches PIWI to the N-terminal domain and to portions of the interdomain connector.
The PAZ domain. The PAZ domain superimposes well with other PAZ domains that have known structures (10) (11) (12) 14) , although the attachment in the archael protein has two ␣ helices rather than an ␣ helix and a ␤ hairpin ( Fig. 2A ). Other differences lie in loop regions. The root mean square deviation (RMSD) between human Argonaute-1 (hAgo1)-PAZ (14) and the PAZ domain in this structure is about 1.4 Å (for 53 C␣'s). Despite close structural similarities, primary sequence comparisons failed to reveal a PAZ domain in PfAgo ( fig.  S1 ), whereas the presence and location of the PIWI domain was easily detected in Basic Local Alignment Search Tool (BLAST) searches.
Importantly, conserved aromatic residues that bind the two-nucleotide 3Ј overhang of an siRNA (10, 13, 14) are all present in PfAgo (Fig. 2B) PIWI is an RNase H domain. The PIWI domain core has a tertiary structure belonging to the RNase H family of enzymes. This fold is also characteristic of other enzymes with nuclease or polynucleotidyl transferase activities, such as human immunodeficiency virus and avian sarcoma virus integrases (17, 18) , RuvC (a Holliday junction endonuclease) (19) , and transposases such as Mu (20) and Tn5 (21) . The closest matches, however, are 
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with RNase HII (22) and RNase H1 (23) . The domains are topologically identical: The RMSDs between RNase HII and PfAgo (for 74 C␣'s) and between RNase HI and PfAgo (for 66 C␣'s) are both 1.9 Å (Fig. 3A) . RNase H fold proteins all have a five-stranded mixed ␤ sheet surrounded by helices. PIWI has an insertion between the last strand and the last helix of the RNase H fold that links it to the rest of the protein.
All of these enzymes contain three highly conserved catalytic carboxylates, which comprise the DDE motif (24) . Two of these side chains are always located on the first strand, ␤1, which is the central strand of the ␤ sheet, and at the C terminus of the fourth strand, ␤4, of the RNase H fold, which is adjacent to ␤1. The position of the third carboxylate varies. Notably, two aspartate residues in PIWI were located at the same positions as the invariant carboxylates of the RNase H fold (Fig. 3B) . These are D
558
, located on the first ␤ strand, and D
628
, located at the end of the fourth strand of the PIWI domain. The only requirement for the third variable carboxylate is a reasonable spatial position at the active site. E 635 is in close proximity to the two aspartates and we suggest that this glutamate serves as the third active-site residue. This residue is positioned on the second helix of the RNase H fold of PIWI (the blue helix in Fig. 3 ). These three residues are almost completely invariant in the 136 Argonaute protein sequences examined ( fig. S2 ). Interestingly, an arginine, R
627
, is also positioned at the center of the active site, as in the case of the IS4 family of transposases such as Tn5, which appear to have a DDRE motif (21) . The active site is thus positioned in a cleft in the middle of the crescent in the groove below the PAZ domain.
Ago as Slicer. The observation that the PIWI domain in Argonaute is an RNase H domain immediately implicated Argonaute as Slicer, the enzyme in RISC that cleaves the mRNA. RNase H enzymes cleave singlestranded RNA "guided" by the DNA strand in an RNA/DNA hybrid. Similarly, Argonautes might specialize in RNA cleavage, guided by the siRNA strand in a dsRNA substrate. Moreover, RNase H enzymes produce products with 3Ј-OH and 5Ј phosphate groups (25) , in agreement with the products of mRNA cleavage by RISC (26, 27) . A dependence on Mg 2ϩ for activity is another hallmark of RNase H enzymes, a requirement that RISC shares (27) . The PAZ domain, recognizing the 3Ј ends of siRNAs, and the PIWI domain, now shown to be an RNase H domain, combine the necessary features of the slicing component of the RNAi machinery. Therefore, Argonaute, the signature component of RISC, appears to be Slicer itself.
A model for siRNA-guided mRNA cleavage. The overall structure of Argonaute defines a distinct groove through the protein, which has a claw shape and bends between the PAZ and N-terminal domains. A notable feature of the structure is evident when the electrostatic potential is mapped on the surface of the protein. As shown in Fig. 4A , the surface of this inner groove is lined with positive charges suitable for interaction with the negatively charged phosphate backbone and with the 2Ј hydroxyl moieties of RNA, implicating the groove for substrate binding.
To examine possible substrate binding modes for Argonaute, we superimposed the PAZ domains from PfAgo and hAgo1 (14) and examined the position of the RNA in the hAgo1 complex with respect to PfAgo. The strand that interacts with the PAZ cleft is the siRNA guide (Fig. 4B) . Leaving the cleft, the RNA tracks the top of the PAZ ␤ barrel allowing similar, if not identical, interactions with the PfAgo PAZ, as observed in the hAgo1 PAZ-RNA complex. A long loop present in the PfAgo PAZ domain would probably move up slightly to accommodate the siRNA. The other strand would represent the mRNA substrate and would enter the binding groove with its 5Ј end between the PAZ and N-terminal domains, with the latter acting as an "mRNA grip." Another extension of the groove lies between the N-terminal and the PIWI domains and could accommodate a singlestranded nucleic acid. However, the function of this feature is presently difficult to predict.
Extending the dsRNA further into the molecule along the binding groove by model building positions the mRNA above the active site located in the PIWI domain, nine nucleotides from the 5Ј side end of the double-stranded region. On the basis of this model, the scissile bond falls between nucleotides 11 and 12, counting from the 3Ј end of the guide. This precisely coincides with the demonstrated cleavage of mRNAs by RISC, 10 nucleotides from the 5Ј end of a 21-nucleotide siRNA. The remainder of the RNA would continue along the binding groove (Fig. 4C) . The length of the groove appears sufficient to accommodate the entire siRNA guide, with the 5Ј end of the guide probably interacting with the other side of the groove to sense the siRNA 5Ј phosphate. Additionally, from studies of other RNase H enzymes, we expect Argonaute to sense the minor groove width of the dsRNA, which differs from that of dsDNA and from an RNA/DNA hybrid. Such a hypothesis is in accord with the inability of RISC to cut DNA substrates (26) . Although Fig.  1 . Two of the loops were removed for a better view of the groove. (B) A 3Ј portion of the siRNA (purple) was placed by superposition of the PAZ domain of the hAgo1-PAZ domain RNA complex on the PAZ domain of PfAgo. The passenger strand of the hAgo1-PAZ complex placed in a similar manner was used to model the mRNA strand (light blue) by extending the RNA two nucleotides at the 5Ј end, and from the middle of that strand along the binding groove toward the active site in PIWI. The phosphate between nucleotides 11 and 12 from the 5Ј end of the mRNA falls near the active site residues (red). The view is similar to the view in Fig. 1. (C) Schematic depiction of the model for siRNA-guided mRNA cleavage. The domains are colored as in Fig. 1 . The siRNA (yellow) binds with its 3Ј end in the PAZ cleft and the 5Ј is predicted to bind near the other end of the cleft. The mRNA (brown) comes in between the N-terminal and PAZ domains and out between the PAZ and middle domain. The active site in the PIWI domain (shown as scissors) cleaves the mRNA opposite the middle of the siRNA guide.
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3 SEPTEMBER 2004 VOL 305 SCIENCE www.sciencemag.org a single-stranded RNA should bind fairly readily, opening the claw of the molecule might assist binding the mRNA, after which Argonaute might close on the double-stranded substrate. A possible hinge region exists in the interdomain connector at residues 317 to 320. This hinge could lift the PAZ away from the crescent base, perhaps allowing the RISC loading complex to assist in assembling an active complex (28, 29) .
The notion that RISC "Slicer" activity resides in Argonaute itself was tested in a mammalian system, by mutational analysis of hAgo2 (30) . Conserved active site aspartates in hAgo2 were altered and the mutants lost nuclease activity but retained siRNA binding. This supports the model in which Argonaute itself functions as the Slicer enzyme in the RNAi pathway.
Many questions regarding the details of the mechanism for siRNA-guided mRNA cleavage remain. Several Argonaute protein family members appear to be inactive toward mRNA cleavage despite the presence of the catalytic residues. This situation might be analogous to the case of the Tn5 transposase and its inhibitor, which possess a catalytic domain with an RNase H-like fold. Tn5 inhibitor is a truncated version of the active Tn5 transposase and retains essential catalytic residues. However, there are major conformational differences between the two (21). Mutations have been introduced into a catalytically active Ago protein, hAgo2, in the vicinity of the active site, which change residues to corresponding residues in an inactive Ago, hAgo1. These inactivate Ago2 for cleavage, indicating that there are determinants for catalysis beyond simply the catalytic triad and that relatively minor alterations in the PIWI domain can have profound effects on its activity toward RNA substrates. In addition, interactions with other factors may be needed to create a fully active Slicer. The common fold in the catalytic domain of Argonaute family members and transposases and integrases is also intriguing given the relationship of RNAi with control of transposition. Notably, the identification of the catalytic center of RISC awaited a drive toward understanding RNAi at a structural level. Thus, it seems likely that, as in the present example, a full understanding of the underlying mechanism of RNAi will derive from a combination of detailed biochemical and structural studies of RISC.
